to have been enhanced by its timing and location, allowing the Asian monsoon anticyclone to enhance the vertical transport while confining the majority of the aerosol to Asia and the Middle East until August, rather than rapidly mixing zonally and spreading throughout both hemispheres. The negative radiative forcing resulting from the 2011 Nabro eruption continues the trend from small eruptions of the past decade (13, 14) , but the inherently variable nature of volcanic eruptions means that any short-term future cooling of the surface from volcanic stratospheric aerosol is uncertain. by 
ENSO Drove 2500-Year Collapse of Eastern Pacific Coral Reefs
Lauren T. Toth, 1 Richard B. Aronson, 1,2 * Steven V. Vollmer, 3 Jennifer W. Hobbs, 1 Dunia H. Urrego, 1, 4 Hai Cheng, 5, 6 Ian C. Enochs, 7, 8 David J. Combosch, 3 Robert van Woesik, 1 Ian G. Macintyre 2 Cores of coral reef frameworks along an upwelling gradient in Panamá show that reef ecosystems in the tropical eastern Pacific collapsed for 2500 years, representing as much as 40% of their history, beginning about 4000 years ago. The principal cause of this millennial-scale hiatus in reef growth was increased variability of the El Niño-Southern Oscillation (ENSO) and its coupling with the Intertropical Convergence Zone. The hiatus was a Pacific-wide phenomenon with an underlying climatology similar to probable scenarios for the next century. Global climate change is probably driving eastern Pacific reefs toward another regional collapse.
G lobal climate change is altering coral reef ecosystems through increasing sea temperatures and declining carbonate saturation states (1, 2) . Warmer and more acidic conditions inhibit coral calcification, carbonate precipitation, and submarine cementation (3) (4) (5) . These effects are expected to reduce long-term rates of reef framework construction. Here we provide an explicit test of this prediction by showing how vertical reef accretion in the tropical eastern Pacific (TEP) responded to climatic oscillations during the Holocene. Increased variability of the El Niño-Southern Oscillation (ENSO)~4000 years ago produced conditions in the TEP similar to those expected under plausible scenarios of future climate, stalling reef accretion off the Pacific coast of Panamá for 2500 years.
Living coral assemblages in the TEP respond to two principal environmental drivers: upwelling on a seasonal scale (6) and ENSO on a multiannual scale (7) . The depressed water temperatures and reduced pH levels that accompany seasonal upwelling reduce coral growth (6) . High sea temperatures associated with El Niño events cause bleaching, which reduces coral growth or kills corals outright (7) . Mass coral mortality has been followed by intense bioerosion and the net loss of reef framework on a multidecadal scale (8) . Upwelling and El Niño events are thought to account for generally poor Holocene reef development in the TEP (6, 7, 9), but neither has been explicitly linked to millennial-scale rates of reef accretion. We investigated the history of reef framework construction along an upwelling gradient in Pacific Panamá and evaluated the influences of seasonal upwelling and ENSO on the tempo and mode of reef development.
The uncemented reef frameworks of the TEP consist of coral fragments packed in fine sediment. We extracted 14 push-cores from subtidal reef-slope habitats on three reefs across Pacific Panamá with distinct upwelling regimes (10) . Isla Contadora, in the Gulf of Panamá, experiences intense seasonal upwelling; upwelling is intermediate at Isla Iguana, also in the Gulf of Panamá; and there is no upwelling at Isla Canales de Tierra in the Gulf of Chiriquí ( Fig. 1) . This upwelling gradient was established at least as early as the mid-Holocene (11) (table S1).
Each core was extruded and sectioned into 5-cm intervals. The coral constituents of the intervals were sorted by species and taphonomic condition to identify layers representing different modes of reef development. Layers were dated with three methods: 14 C analysis by standard techniques and accelerator mass spectrometry (AMS), and U/Th analysis by inductively coupled plasma mass spectrometry (ICP-MS). Radiocarbon dates were calibrated using the marine calibration curve and the local reservoir correction ( fig. S1 and tables S1 and S2). Accretion rates were calculated by dividing the depth range of each interval in the framework by its time span (10) .
The cores were dominated by well-preserved skeletons of Pocillopora damicornis ( Fig. 2A) , which is the primary constructor of modern reef framework in the TEP. A sample of wellpreserved Pocillopora, resting directly atop the basaltic bedrock in one core, indicated that reef growth had begun by 6900 calibrated calendar years before the present (cal yr B.P.) (where the present is 1950). Each core contained a narrow interval dominated by a combination of taphonomically degraded Pocillopora rubble, branching coralline algae, and Psammocora stellata, which does not build framework. This narrow interval represents a millennial-scale hiatus in active reef development, from 4220 to 4064, until 1820 to 1520 cal yr B.P.
Despite concentrated dating of corals within and around the interval of limited deposition in the cores (25 Accretion rates were significantly reduced at all sites during the hiatus as compared with intervals of active reef growth before and after [ Fig. 2B and table S3; analysis of variance (ANOVA), F 2,29 = 64.001, P < 0.001, Tukey's honestly significant difference (HSD) P < 0.001]. During active reef growth, average rates of vertical accretion were similar among our sites and were comparable to rates for Caribbean reefs (table S4). The slower overall accretion rates in the Gulf of Panamá reported previously (9) resulted from differences in the timing of the hiatus among environments. The hiatus began at approximately the same time at all sites (ANOVA F 2,9 = 2.276, P = 0.158; table S5); however, it ended later and lasted longer at Contadora, the strong-upwelling site, as compared with Canales de Tierra, where there was no upwelling (ANOVA, F 2,9 = 8.390, P = 0.009; F 2,9 = 6.189, P = 0.020; Tukey HSD, P < 0.05, tables S6 and S7). No significant differences were found in the timing of the hiatus between either site and Iguana (Tukey HSD, P > 0.05).
Contemporaneous millennial-scale hiatuses in reef development have been recorded in Golfo Dulce, Costa Rica (12) , and in inshore sections of the Great Barrier Reef and Moreton Bay, Australia (table S8) (13, 14) . Likewise, an intermittent hiatus in Japan coincided with the onset of the hiatus in Pacific Panamá (15) . These events, previously attributed to local-or regionalscale phenomena, are more likely the result of Pacific-wide climatic changes that disrupted reef development in the nearshore environments of many regions simultaneously.
The hiatus corresponds to a time of enhanced climatic variability (Fig. 3) . ENSO frequency and intensity increased beginning 4500 to 4000 cal yr B.P. (16) (17) (18) (19) (20) , coincident with the onset of the hiatus in our cores. A concurrent period of high variability in the latitudinal migration of the Intertropical Convergence Zone (ITCZ) (Fig. 3B) suggests that the coupled influence of ENSO and the ITCZ caused the increase in ENSO strength (16, 19) ; reconstructions suggest that El Niño events occurring 4000 to 2000 cal yr B.P. were among the strongest of the Holocene (18) (Fig. 3C) . Gray shading with icons of Pocillopora in poor condition, Psammocora, and coralline algae indicates interrupted reef accretion. The length of the hiatus (gray shading) is shown expanded to depth in the reef framework (left) and in calibrated calendar years before the present (right). Dark gray shading represents the most conservative time span for the hiatus; light gray shading shows the maximum range based on all three sites. (B) Mean accretion rates before, during, and after the hiatus. Error bars represent standard errors; the asterisk indicates significant difference from the other groups (P < 0.001).
Very strong El Niño events beginning~4200 cal yr B.P. (Fig. 3D) (16-18, 20, 21) could have caused the initial collapse of coral populations in Pacific Panamá because of bleaching-related mortality (7) . ENSO activity peaked~3000 cal yr B.P. (Fig. 3E) , with stronger and more frequent El Niño events than at any other time during the Holocene (20) (21) (22) . Frequent hightemperature anomalies would have precluded the recovery of coral populations, suppressing reef accretion.
More frequent La Niña events 3800 to 3200 cal yr B.P. (19) would also have inhibited reef development. Increased precipitation in Panamá during La Niña events (23) would have elevated turbidity and reduced light levels (14) . On the high-turbidity reefs of the TEP (12), small changes in water clarity would likely have reduced light levels below the threshold necessary for active development (24) . Greater atmospheric pressure across the Pacific under La Niña conditions would have lowered sea levels in the TEP (25) , subjecting corals more frequently to lethal subaerial exposure. Frequent thermal anomalies, reduced light fields, and repeated subaerial exposure all would have limited accretion rates during the hiatus.
ENSO activity continued to increase after the end of the hiatus (17, 19, 26) ; however, major changes in the mode of ENSO coincided with its termination (16, 18, 19) . ENSO and the ITCZ decoupled~2500 cal yr B.P. (19) , accounting for the decline in variability of the ITCZ (16) . There was also a reduction in La Niña activity~2000 to 1500 cal yr B.P. (19, 27) , which would have increased regional light availability and reduced the frequency of subaerial exposure. Although the absolute number of El Niño events may have increased beginning 2000 cal yr B.P. (17, 19, 26, 27) , the events were probably stronger during the hiatus (18) . The waning influence of La Niña and reduction in El Niño strength apparently permitted active accretion to resume 1820 to 1520 cal yr B.P.
We propose that shifts in the frequency and intensity of ENSO, and especially its coupling with the ITCZ, were the ultimate cause of the depositional hiatus at our sites in Pacific Panamá and, perhaps, elsewhere in the Pacific (Fig. 4) . Coral populations may have persisted on nearby reefs or in favorable microhabitats, facilitating the eventual recolonization of the reef slopes at Contadora, Iguana, and Canales de Tierra. Although climate change has been linked to reef development in deep time (28) , sea-level changes have heretofore been considered the major control on reef development during the Quaternary (29) . Our study, in contrast, implicates climatic oscillations as the primary driver of reef development during the Holocene. Reefs of the TEP are poorly developed, but not because coral growth was suppressed during their entire history by low sea temperatures and elevated partial pressure of CO 2 from upwelling, or by high sea temperatures from El Niño events with modern characteristics (3, 7). The reefs are poorly developed because coral populations collapsed for an interval spanning~40% of their 6000-to 7000-year existence.
Alternative hypotheses fail to explain the duration, timing, or spatial extent of the hiatus. A sea-level highstand occurred in many parts of the Pacific~6000 cal yr B.P. (13) . Reduced light levels in Pacific Panamá could have drowned reefs at that time; however, there is no evidence of such a highstand in the TEP (30) , and peak sea levels elsewhere occurred two millennia before the onset of the hiatus. The opposite scenario, in which the reefs filled the available accommodation space during the (putative) highstand and then stopped growing (13), cannot explain why vertical accretion abruptly resumed at a time when eustatic sea level was either still declining from the highstand or continuing a multimillennial rise (13, 31) . Our sites were located well within the subtidal envelope from 6000 cal yr B.P. to the present (30), and there is no evidence of tectonic connections that would have allowed uplift or subsidence uniformly from the Gulf of Panamá to Golfo Dulce (32) . The Pacific-wide distribution of the hiatus eliminates localized fluctuations of relative sea level or tectonics as the controlling influence.
Finally, extensive bioerosion of the subfossil framework by echinoids did not create an unconformity we detected as the hiatus. Although rates of bioerosion after ENSO-related disturbance can exceed rates of carbonate production (8), bioerosion does not cause significant information loss from the fossil record once the (19) . (E) A 50-year running mean of grayscale intensity in a core from Laguna Pallacocha, Ecuador (26) . Gray shading is as in Fig. 2. www.sciencemag.org SCIENCE VOL 337 6 JULY 2012 83 REPORTS on July 5, 2012 www.sciencemag.org coral skeletons have been stabilized and packed in fine sediment. In our cores, the uppermost, open framework generally represented less than 100 years of depositional time. Bioerosion cannot explain the 2500-year hiatus, and the error due to bioerosion in estimating its timing is negligible. Furthermore, extensive bioerosion could be a modern phenomenon resulting from overfishing of the predators of echinoids (33) .
Reef dynamics in the TEP and elsewhere in the Pacific have been driven by long-term shifts in ENSO variability for at least the past 6000 years. The intensity of seasonal upwelling acted as a second-order process, potentially influencing local ecosystem resilience. Ecological processes, including herbivory, corallivory, and competition, exerted imperceptible thirdorder effects on long-term rates of reef accretion, although biological interactions in refuges could have influenced the recovery of coral populations. The widespread distribution of the hiatus suggests that climatic variability was a controlling influence on reef accretion over a broad longitudinal range in the Pacific during the Holocene.
In recent years, ENSO activity has devastated tropical reefs (34) . Enhanced ENSO-like conditions in a warming world (25) could once again put Pacific reefs at risk of collapse. The TEP is a low-diversity system in which a modern history of intense disturbance has driven acclimation and adaptation in the coral populations. Higherdiversity reef systems in the western Pacific that have experienced a relatively benign history of disturbance could be even more vulnerable to climate change (35 Coring and core-processing methodologies
We extracted a total of 14 push-cores from reef frameworks at Contadora (N=5), Iguana (N=4), and Canales de Tierra (N=5). The cores were collected at each site from the fore-reef slope, where reef accretion is most rapid (9) . Small-scale interruptions of reef development are more frequent in more marginal reef zones (i.e., the reef flat and back reef), whereas only larger-scale interruptions in reef development are likely to be observed in the subfossil record of the reef slope; therefore, this zone was the ideal environment to detect regional-scale hiatuses in reef development. For each core, divers forced a 5-to 6-m length of 7.6-cm (3-in) diameter aluminum tubing into the reef using adjustable core slips with handles. A sliding hammer-weight, sleeved over the top of the tube, facilitated penetration. Recovery was measured periodically during the coring operation by dropping a weighted surveyor's tape down the open tube and subtracting the depth of the top of the material within the tube from the total length of the tube. Penetration was calculated by measuring the length of the tube protruding from the reef surface and subtracting from the total length. Compaction was calculated as recovery divided by penetration. When all but 1 m of the core tube had been driven into the reef framework, the core was capped, pulled from the reef using the core handles, and sealed. A detailed description of the coring methodology may be found elsewhere (36, 37) .
The cores were extruded in the laboratory, and the cored material was divided into 5-cm sections. Each 5-cm section was sieved and cleaned. Core constituents >2 mm in longest dimension, almost all of which were fragments of Pocillopora spp. and Psammocora stellata, were sorted by species and taphonomic condition. Categorical grades of taphonomic condition were assigned based on the degree of encrustation, erosion, and superficial boring of the coral fragment. If the total alteration of the surface was <20% of the surface area, the corals were considered to be in good condition; 20-50% alteration was categorized as intermediate condition, and >50% alteration was categorized as poor condition. Coralline algae, shells, and unclassified rubble were also separated. The sorted core constituents were weighed and their masses were compared among intervals.
Intervals indicative of active reef development in the cores were dominated by Pocillopora spp. in good to intermediate condition. Periods of interrupted reef development-the hiatus and other, short-term interruptions-were characterized by intervals in the cores dominated by coralline algae, Pocillopora in poor condition, or Psammocora stellata. Dating of layers of active and interrupted reef development revealed the timing of initiation and termination of the hiatus for each core at each site, as well as rates of vertical reef accretion through time (discussed below).
Radiocarbon reservoir correction for Pacific Panamá
Radiocarbon dating of corals is influenced by the ages of regional water masses (reservoir ages); therefore, 14 C ages of corals must be calibrated using local reservoir corrections (38, 39) . Typically, a global reservoir correction is applied using the standard marine calibration curve (39, 40) ; however, upwelling introduces old carbon into the surface waters. The offsets between the true ages of carbonates and the reservoir ages are, therefore, especially pronounced in upwelling regions (e.g. Pacific Panamá; [40] [41] [42] [43] [44] .
Where the local reservoir age deviates significantly from the global reservoir correction, independent calibration of 14 C ages is necessary to determine ΔR, the deviation from the standard reservoir correction (39) . If ΔR≠0, it is incorporated into the calibration of measured radiocarbon dates. U/Th dating is not subject to reservoir effects and provides an independent proxy for the true age of marine carbonates (45, 46) . The difference between the radiocarbon age and the U/Th age of a carbonate sample gives an estimate of the local reservoir correction at a given time (47) . Temporal fluctuations in the reservoir age can be indicative of changes in the intensity of regional upwelling (42, 43, 48) .
Individual fragments of subfossil coral skeleton, located below or above the hiatus in our cores at Contadora (N=7), Iguana (N=4), and Canales de Tierra (N=4) Islands, were split: one half was radiocarbon-dated using AMS and the other half was dated with U/Th using ICP-MS. Blind samples were measured by Beta Analytic, Inc. and H. Cheng, respectively. The differences between the U/Th and radiocarbon ages of the corals were used to determine R, the reservoir age. The difference between the measured 14 C age and the intercept of the marine calibration curve, minus the corresponding U/Th age, gives ΔR (Table S1 ).
The means of ΔR for Contadora and Iguana were within one standard deviation (mean ΔR=169.8±162.8 and ΔR=192.8±150.1, respectively). At Canales de Tierra, ΔR was zero for all four coral samples, reflecting the negligible influence of upwelling in the Gulf of Chiriquí (Table S1 ). There were large differences in ΔR before and after the hiatus at Contadora and Iguana (mean ΔR before =278.0±94.07 and ΔR after =60.1±33.2; Figure S1 ).
The differences in ΔR between sites (Contadora and Iguana) and periods (before and after the hiatus) were analyzed statistically with a two-way ANOVA. Because the reservoir correction at Canales de Tierra did not deviate from the global reservoir correction, data from this site were not included in the analysis. The raw ΔR data conformed to the assumptions of homoscedasticity (Levene's test: F 3,7 =2.185, P=0.178) and normality (Shapiro-Wilk test: W 11 =0.951, P=0.652), so no transformation of the data was necessary. ΔR was significantly higher before the hiatus (F 1,7 =25.091, P=0.002; Fig.  S1 ; Table S2 ). The differences between Contadora and Iguana and the interaction between site and period were non-significant (F 1,7 <0.001, P=0.996; F 1,7 =1.013, P=0.348, respectively).
ΔR was zero for Canales de Tierra, so the calibrated radiocarbon dates obtained using standard marine calibration are accurate. For Contadora and Iguana, values of ΔR were incorporated into the calibration of measured radiocarbon dates. Because there was no significant difference in ΔR between Contadora and Iguana, we used the ΔR value that was closest to the 14 C age of the sample, regardless of the site from which it came.
Statistical analysis
Vertical accretion rates were compared among sites (Contadora, Iguana, and Canales de Tierra) and periods (before, during, and after the hiatus) with a two-way analysis of variance (ANOVA), using a general linear model to account for unequal sample sizes (Table S3 ). The raw data failed to meet the assumption of homoscedasticity (Levene's test: F 8,29 =4.356, P=0.002); therefore, the data were natural-log transformed. After transformation, the data conformed to the assumptions of homoscedasticity (Levene's test: F 8,29 =1.661, P=0.151) and normality (Shapiro-Wilk test: W 38 =0.969, P=0.372).
The dates for the initiation, duration, and termination of the hiatus were compared among sites with one-way ANOVAs using general linear models (Tables S5-S7 ). The raw data for initiation and termination of the hiatus conformed to the assumptions of homoscedasticity (Levene's test: F 2,9 =3.210, P=0.089; F 2,9 =1.861, P=0.211, respectively) and normality (Shapiro-Wilk test: W 12 =0.933, P=0.410; W 12 =0.905, P=0.184, respectively); therefore, no transformation of the data was necessary. The duration data were heteroscedastic (Levene's test: F 2,9 =1.100, P=0.374), but non-normal (ShapiroWilk test: W 12 =0.843, P=0.030). The data were rank-transformed, equating the parametric ANOVA to the non-parametric Kruskal-Wallis test and eliminating the requirements of homoscedasticity and normality (49) .
Reef accretion compared to other localities Recoveries measured from the extruded cores were generally equal to, or nearly equal to, the corresponding final recoveries measured in the field prior to extraction. The extruded cores, which had been compacted during the coring process, were re-expanded in segments, using the in situ measurements of compaction. To calculate rates of vertical reef accretion in intervals of active and interrupted reef growth, we divided the expanded length of an interval by the time over which that interval had accreted.
Accretion rates in Pacific Panamá before and after the hiatus were averaged. These values from outside the hiatus were compared to average bulk (whole-core) accretion rates from other localities (Table S4 ). In order to make direct comparisons between localities, we only included studies that met four criteria. First, the cores were collected from the outer slopes of reefs exposed to moderate wave energy, like those in the present study. Second, the reefs were constructed of branching-coral frameworks, typically Acropora spp. in both the Caribbean and western Pacific, and Pocillopora spp. in the tropical eastern Pacific (TEP). Third, accretion rates were calculated with calibrated radiocarbon dates; alternatively, data on core penetrations and un-calibrated ages were provided, permitting calibration and recalculation of accretion rates. Fourth, the dates used in the calculations were at least 1000 cal BP, because more recent accretion rates can be inflated by instantaneous coral-growth rates and a lack of compaction.
Radiocarbon dates from Punta Islotes, Costa Rica (12), Galeta Point, Panamá (50), Bahía Almirante, Panamá (51) , and the central shelf lagoon in Belize (37) were reported as uncalibrated 14 C ages. These dates were calibrated using Calib 5.0 (52, 53) , and the accretion rates were recalculated. A coring study in Jamaica (54) included only one radiocarbon date greater than 1000 cal BP, so we estimated reef accretion from a single core and report it without associated error. The site at Punta Islotes, Costa Rica (12) exhibits a hiatus that is contemporaneous with the hiatus reported in this paper; therefore, average post-hiatus accretion is reported from Punta Islotes. Finally, ranges of average bulk-accretion rates of reefs across the Indo-Pacific are compiled from Montaggioni's (55) review of Pacific reef development during the Holocene.
Coral reefs in the TEP are generally thought to be poorly-developed compared to other regions (56) ; however, rates of framework accretion in Pacific Panamá during periods of active reef growth are comparable to bulk accretion rates in the Caribbean, with few exceptions (e.g., 57). Accretion rates are higher in many parts of the Indo-west Pacific compared to Pacific Panamá, but there are a number of locations where reef accretion is similar to our sites. Average vertical accretion was more rapid in Costa Rica compared to our sites, but the difference is within the range of error.
Concurrent hiatuses in the Pacific
The 2500-year hiatus in Pacific Panamá was contemporaneous with millennial-scale interruptions in reef development elsewhere in the Pacific (Table S8 ). These other hiatuses were identified from published reports, in which intervals of active and interrupted reef development were indentified using radiocarbon dating. Hiatuses were characterized by temporal gaps in the records of coral deposition. Uncalibrated radiocarbon dates from the reef at Punta Islotes, Golfo Dulce, Costa Rica (12), were calibrated using Calib 5.0, as discussed above. Dates from Moreton Bay, Cockermouth reef, and Cape Tribulation, all in Australia, as well as the reef at Kodakara Island in Japan, were reported in cal BP (12) (13) (14) (15) , so no further calibration was necessary. Lybolt et al. (14) suggested that the hiatus in Moreton Bay, Australia lasted from 4150-800 cal BP; however, two corals in their study dated to ~2000 cal BP, so we used this date as a conservative endpoint for that hiatus. For simplicity, we combined data from Low Isles reef with that of reefs at Cape Tribulation, Australia (13) , although the former site is located offshore from Cape Tribulation proper. We report data from a single reef in the southern Great Barrier Reef, Cockermouth, because the stratigraphy at this site is the most complete for the region (13) . The hiatus in Japan was intermittent (15) , but its initiation corresponds to the collapse of reef communities in Pacific Panamá.
Permits
Fieldwork was carried out under permits from the Autoridad Marítima de Panamá, the Autoridad Nacional del Ambiente de Panamá, and the Dirección Nacionalde Recursos Minerales and Autoridad de los Recursos Acuáticos de Panamá. Export permits were obtained from the Dirección Nacional de Aduanas. Figure S1 . ΔR values over time at Contadora, Iguana, and Canales de Tierra. 
